The N-terminal 146 residues of apolipoprotein (apo) A-V adopt a helix bundle conformation in the absence of lipid. Because similarly sized truncation mutants in human subjects correlate with severe hypertriglyceridemia, the lipid binding properties of apoA-V(1-146) were studied. Upon incubation with phospholipid in vitro, apoA-V(1-146) forms reconstituted high density lipoproteins 15-17 nm in diameter. Far UV circular dichroism spectroscopy analyses of lipid-bound apoA-V(1-146) yielded an ␣-helix secondary structure content of 60%. Fourier transformed infrared spectroscopy analysis revealed that apoA-V(1-146) ␣-helix segments align perpendicular with respect to particle phospholipid fatty acyl chains. Fluorescence spectroscopy of single Trp variant apoA-V(1-146) indicates that lipid interaction is accompanied by a conformational change. The data are consistent with a model wherein apoA-V(1-146) ␣-helices circumscribe the perimeter of a disk-shaped bilayer. The ability of apoA-V(1-146) to solubilize dimyristoylphosphatidylcholine vesicles at a rate faster than full-length apoA-V suggests that N-and C-terminal interactions in the full-length protein modulate its lipid binding properties. Preferential association of apoA-V(1-146) with murine plasma HDL, but not with VLDL, suggests that particle size is a determinant of its lipoprotein binding specificity. It may be concluded that defective lipoprotein binding of truncated apoA-V contributes to the hypertriglyceridemia phenotype associated with truncation mutations in human subjects.
The helix bundle motif is a common molecular architecture in proteins (1) . Exchangeable apolipoproteins (apo) 4 are known to adopt this conformation, which supports their dual existence in alternate lipid-free and lipid-bound states. Classic examples of the helix bundle structure include the N-terminal (NT) domains of apoE (2) and apoA-I (3) as well as apolipophorin III (4) . In the case of apoE and apoA-I, the helix bundle motifs are present within the context of a larger protein structure. In each of these examples the bundle exists as an up-and-down series of amphipathic ␣-helices wherein the hydrophobic face of each helical segment orients toward the interior of the bundle. At the same time, the polar face of the amphipathic helices is directed toward the exterior of the bundle. In this way the globular structure is stabilized by hydrophobic helix-helix interactions and is conferred with water solubility through projection of polar and charged amino acid side chains toward the aqueous milieu. Upon interaction with lipid surfaces, the helix bundle is postulated to unfurl, adopting an extended open conformation that promotes interaction between the hydrophobic faces of amphipathic helices and the lipid surface. Essentially, lipid binding of helix bundle apolipoproteins substitutes helix-helix contacts in the bundle for helix-lipid contacts that stabilize the lipid-bound state.
In 2001 a new apolipoprotein, termed apoA-V, was reported that profoundly affects plasma TG levels (5, 6) . Structural studies revealed that apoA-V is a two-domain protein (7) and that its N-terminal 146 residues adopt a helix bundle structure in the absence of lipid (8) . Truncated apoA-V proteins in this size range have been reported in human subjects with severe hypertriglyceridemia (HTG) (9, 10) . One of these truncation mutants, Q139X apoA-V, does not associate with VLDL or HDL in circulation (9) . By contrast, full-length apoA-V is found on both of these lipoprotein classes in normolipidemic subjects (11) . Insofar as these individuals had no other common mutations known to cause HTG, it is likely that a lipid-binding defect in truncated apoA-V is associated with the HTG phenotype. To address this mechanistically, the lipid interaction properties of recombinant apoA-V(1-146) were investigated. The results obtained provide a molecular explanation for the correlation between naturally occurring C-terminal (CT) truncations in apoA-V and HTG.
EXPERIMENTAL PROCEDURES
Site-directed Mutagenesis and Recombinant Protein Expression-Recombinant human apoA-V and CT truncation variants were produced in Escherichia coli and isolated as described (12) . ApoE3 NT was prepared as described by Fisher et al. (13) . Recombinant apoA-I was prepared as described by Ryan et al. (14) . Site-directed mutagenesis was performed with the QuikChange II XL site-directed mutagenesis kit (Stratagene). Primers were designed to introduce a premature stop codon or to substitute Interaction of ApoA-V(1-146) with Phospholipid-Dimyristoylphosphatidylcholine (DMPC) bilayer vesicles were incubated with apoA-V(1-146) at a ratio of 5:1 by weight as previously described (12) . The size distribution of DMPC-apoA-V(1-146) complexes was evaluated by nondenaturing gradient PAGE as described by Nichols et al. (15) .
Circular Dichroism Spectroscopy-CD spectroscopy measurements were performed on an AVIV 410 spectrophotometer. Far UV CD scans were obtained between 195 and 250 nm in 10 mM sodium phosphate, pH 7.4, using a protein concentration of 0.5 mg/ml determined from the absorbance at 280 nm. The ␣-helical content was calculated with the self-consistent method using Dicroprot version 2.6 (16) .
Infrared Spectroscopy-Attenuated total reflectance Fourier transformed infrared spectroscopy (ATR-FTIR) spectra were recorded on a Bruker IFS 55 infrared spectrophotometer equipped with a reflectance accessory and a polarizer mount assembly with an aluminum wire grid on a KRS-5 element. The internal reflection element was a germanium ATR plate (50 mm ϫ 20 mm ϫ 2 mm) with an aperture angle of 45°yielding 25 internal reflections. Oriented multilayers were formed by slow evaporation of ϳ10 l of apoA-V(1-146)⅐DMPC (1 mg/ml) on one side of the ATR plate under a gentle stream of nitrogen, yielding a semi-dry film bearing residual water molecules. The ATR plate was then sealed in a universal sample holder. The spectra were recorded at a 2 cm Ϫ1 nominal resolution. A total of 128 accumulations were performed to improve the signal/ noise ratio. The spectrometer was constantly purged with dry air. All of the measurements were made at 25°C.
Secondary structure measurements were carried out on samples following deuteration for 1 h as previously described (17) . Briefly, Fourier self-deconvolution was applied to enhance the resolution of the spectra in the amide I region. Least squares iterative curve fitting was performed to fit different components of the amide I band revealed by the self-deconvolution to the nondeconvolved spectrum between 1700 and 1600 cm Ϫ1 . The proportion of various secondary structural elements was computed as reported in Ref. 17 .
Analytical Procedures-Protein concentrations were determined with the bicinchoninic acid assay (Pierce) with bovine serum albumin as standard.
Fluorescence Spectroscopy-Fluorescence spectra were obtained on a Horiba Jobin Yvon FluoroMax-4 luminescence spectrometer. Protein (0.5 g/l) was dissolved in 20 mM sodium phosphate, pH 7.4, 150 mM NaCl. The samples were excited at 295 nm, and emission was collected from 300 to 450 nm (slit width, 2.0 nm). For Trp fluorescence quenching studies DMPC-bound apoA-V(1-146) samples (200 g of protein in 400 l of total volume) were excited at 295 nm, and emission was monitored at their max (slit width, 2.0 nm). Quenching of Trp fluorescence in 20 mM sodium phosphate, pH 7.4, 150 mM NaCl by the addition of either KI or acrylamide in the concentration range 0.0 -0.6 M was measured. The solution of KI contained 1 mM sodium thiosulfate to prevent formation of free iodine, and all of the readings were corrected for dilution. For acrylamide quenching, fluorescence intensities were corrected for the absorption of acrylamide at 295 nm,
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(Eq. 1)
where 0.23 is the molar extinction coefficient of acrylamide at 295 nm (18) . The data were analyzed using the following SternVolmer equation,
where F 0 and F represent the emission intensity maximum in the absence and presence of quencher, respectively, and [Q] is quencher concentration. The collisional quenching constant (K SV ) was determined from the initial slope of plots of
. DMPC Vesicle Solubilization-DMPC bilayer vesicles were prepared by extrusion through a 100-nm filter as described by Weers et al. (19) . Stock solutions of protein and lipid vesicles were prepared in 50 mM citrate, pH 3.0, 150 mM NaCl. 500 g of DMPC was incubated in the absence or presence of 100 g of apolipoprotein (total volume, 400 l) at 23°C in a thermostatted cell holder. Sample right angle light scattering intensity was monitored on a PerkinElmer Life Sciences LS50B luminescence spectrometer as a function of time, with the excitation and emission monochromaters set at 600 nm (slit width, 2 nm).
LDL Binding Assay-Human LDL (Intracel) was incubated for 90 min at 37°C in the presence or absence of Bacillus cereus phospholipase C (PL-C) (0.6 unit/50 g of LDL protein). Where indicated, apolipoprotein (50 g/50 g of LDL protein) was included in the reaction mixture. The incubations were conducted in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 2 mM CaCl 2 in a total sample volume of 200 l. Sample turbidity was measured at 340 nm on a Spectramax 340 microtiter plate reader (Sunnyvale, CA) (20) .
Incubation of ApoA-V(1-146) with Isolated HDL and VLDL from Apoa5
Ϫ/Ϫ mice-Blood from male apoA-V-deficient mice (average age 4 months, fasted for 4 h) was collected into tubes containing K 3 EDTA and kept on ice. After centrifugation at 2,000 ϫ g for 10 min at 4°C, the plasma was removed and treated with a protease inhibitor mixture as described by Nelbach et al. (21) . Plasma was pooled, stored at 4°C, and used within 2 days. Plasma VLDL and HDL were isolated by sequential ultracentrifugation as described by Lindgren et al. (22) . Isolated VLDL (d Ͻ 1.006 g/ml) or HDL (d ϭ 1.063-1.21 g/ml) was incubated with recombinant apoA-V(1-146) (weight ratio, 10:1, lipoprotein protein:apoA-V(1-146)) for 1 h at 22°C in Tris-buffered saline. After incubation, ultracentrifugation was performed to reisolate VLDL (d Ͻ 1.006 g/ml, top fraction) and HDL (d Ͻ 1.21 g/ml, top fraction). The bottom, lipoproteinfree, fractions from each tube were also recovered. Similar studies were carried out with full-length recombinant apoA-V.
Immunoblotting-For immunoblotting, the protein samples were separated on a 10 -20% acrylamide gradient, Tricine-SDS slab gel (Invitrogen). The proteins were electrophoretically transferred to a 0.2-m polyvinylidene difluoride membrane (Bio-Rad) at a constant current of 150 mA for 3 h. Nonspecific binding sites on the membrane were blocked with 0.1% TTBS (0.1% Tween 20, 20 mM Tris, and 150 mM NaCl, pH 7.2) overnight, at 4°C with rotation. Goat anti-apoA-V IgG (12) (1:10,000 dilution in 0.1% TTBS) was incubated with the membrane for 1 h with rotation. The mixture was washed three times in TTBS, and then HRP-conjugated donkey anti-goat secondary antibody was incubated with the membrane for 1 h. After washing, the membrane was incubated with SuperSignal West Femto maximum sensitivity substrate (Pierce) and exposed to CL-Xposure Film (Pierce) for less than 10 s. The film was developed using a Kodak M35A X-OMAT processor.
RESULTS

Characterization of ApoA-V(1-146) Binding to Phospholipid
Vesicles-Incubation of apoA-V(1-146) with a DMPC vesicle dispersion caused a decrease in solution light scattering intensity consistent with formation of lipid complexes (i.e. reconstituted HDL). Native gradient PAGE analysis revealed a discrete population of particles with a Stoke's diameter in the range of 15-17 nm (Fig. 1) . These complexes, which are similar in size to discoidal particles formed with full-length apoA-V (12), indicate that the NT domain of apoA-V possesses intrinsic lipid binding capability.
Far UV CD Spectroscopy Analysis-The effect of lipid association on the secondary structure content of apoA-V(1-146) was evaluated by far UV CD spectroscopy (Fig. 2) . The spectrum of lipid-free apoA-V(1-146) (Fig. 2 , curve a) has minima at 208 and 222 nm, indicating the presence of ␣-helix secondary structure. Deconvolution of the spectrum yielded a value of 40% ␣-helix. Upon interaction with DMPC, however, a significant enhancement in ␣-helix content was noted as seen by the increase in negative ellipticity at 208 and 222 nm (Fig. 2, curve  b) . Deconvolution of the spectra yielded a value of 60% ␣-helix structure.
Orientation of ␣-Helices in ApoA-V(1-146) Lipid Complexes-ATR-FTIR spectra of apoA-V(1-146)⅐DMPC complexes were recorded with parallel and perpendicular polarized light (Fig.  3) . The amide I region of the spectra (1700 -1600 cm Ϫ1 ) was used to determine the orientation of ␣-helices in apoA-V(1-146) relative to DMPC hydrocarbon chains of the bilayer component of the reconstituted HDL. A dichroic spectrum was obtained by subtracting the spectrum recorded with perpendicular polarized light from the spectrum recorded with parallel polarized light. Bands corresponding to dipoles that orient parallel to the hydrocarbon chain progression observed for saturated hydrocarbon chains had a positive deviation in the dichroic spectrum. Thus, these orient parallel to the normal of the germanium plate. The apoA-V(1-146) helix orientation was determined using the amide I band. In the dichroic spectrum, a negative deviation at ϳ1650 cm Ϫ1 is observed, indicating a parallel orientation of the associated dipole to the surface of the germanium plate and, thus, a perpendicular orientation with respect to a vector normal to the face of the disk. From the secondary structure of apoA-V(1-146) and the frequency of the negative deviation, it may be concluded that the dipole responsible for this deviation is associated with ␣-helices, which orient in the direction of the helical axes. Thus, the negative deviation observed indicates that the helices are primarily oriented per- pendicular to the normal vector of the disk and, therefore, perpendicular to the hydrocarbon chains of the lipids.
Quantification of the secondary structure conformers present was performed on samples subjected to deuteration. The predominant secondary structure conformer present is ␣-helix (61%), in good agreement with the value determined by CD spectroscopy.
Trp Fluorescence Emission Analysis-The wavelength of maximum fluorescence emission of tryptophan residues is a useful tool to monitor changes and to make inferences regarding local structure and environment. Single Trp apoA-V(1-146) variants were generated to explore the effect of lipid association on specific regions of apoA-V (1-146) . All of the apoA-V(1-146) variants generated were characterized by far UV CD spectroscopy. No significant differences were noted, indicating that the conserved substitution mutations introduced did not alter the secondary structure content of the protein. 97 ). When these Trp residues were mutated to generate the corresponding single Trp apoA-V(1-146) variants, fluorescence emission analysis revealed they are largely exposed to solvent in the absence of lipid and undergo relatively small blue shifts in their wavelength of maximum fluorescence emission upon interaction with DMPC (Table 1) Phospholipid Vesicle Solubilization Kinetics-The data presented in Fig. 1 illustrate that apoA-V(1-146) is capable of The solid line represents the calculated dichroic spectrum. To improve visualization, the dichroic spectrum is shown at 2ϫ intensity versus the other spectra.
TABLE 1 Fluorescence properties of apoA-V(1-146) variants
Spectra were recorded on a Jobin Yvon FluoroMax-4 luminescence spectrometer. Emission spectra were recorded from 300 to 450 nm (excitation, 295 nm) in 20 mM sodium phosphate, pH 7.4, 150 mM NaCl (slit width, 2.0 nm for the excitation and emission monochromators) at a protein concentration of 0.5 mg/ml. In DMPCbound samples, a DMPC:protein ratio of 5:1 was used. (24) . b max is the wavelength of maximum fluorescence emission. The values reported are the means of at least three independent determinations. In all cases, the standard deviation was Յ1 nm.
ApoA-V(1-
binding lipid to form reconstituted HDL. In an effort to characterize the relative lipid binding activity of this protein, kinetic analysis of apoA-V(1-146)-dependent solubilization of DMPC vesicles was measured. (Fig. 4) . In control incubations lacking apolipoprotein, DMPC vesicles remain turbid with no change in solution light scattering intensity as a function of time (Fig. 4,  curve a) . Upon the addition of full-length apoA-V, a time-dependent reduction in turbidity was observed with a calculated initial rate constant (k) of 1.3 ϫ 10 Ϫ2 s Ϫ1 (Fig. 4, curve b) . The isolated NT domain, apoA-V(1-146), induced faster solubilization, with an initial rate constant of 3.3 ϫ 10 Ϫ2 s Ϫ1 (Fig. 4, curve c) .
ApoA-V(1-146) Binding to Phospholipase C Modified LDL-
When human LDL is incubated with PL-C, enzymatic conversion of LDL phosphatidylcholine to diacylglycerol induces apolipoprotein association and prevents LDL particle aggregation and subsequent sample turbidity development (20) . Incubation of LDL with PL-C in the absence of exogenous apolipoprotein results in rapid sample turbidity development (Fig. 5, curve a) , whereas control incubations lacking PL-C do not develop turbidity over time (Fig. 5, curve e) . Although incubations with recombinant human apoA-I remained clear (Fig. 5, curve d) , incubations with apoE3 NT become turbid over time (Fig. 5,  curve b) , consistent with previous results (19) . LDL incubations with PL-C in the presence of apoA-V(1-146) showed an intermediate level of protection from sample turbidity development as a function of time (Fig. 5, curve c) .
ApoA-V(1-146) Binding to VLDL and HDL from ApoA5
Ϫ/Ϫ Mice-It was previously reported that the naturally occurring truncation variant, Q139X apoA-V, does not associate with lipoproteins in vivo (9) . To evaluate the ability of apoA-V(1-146) to associate with VLDL and HDL in vitro, recombinant apoA-V(1-146) was incubated with apoA-V-deficient VLDL and HDL obtained from apoA5 Ϫ/Ϫ mice. Following incubation, the lipoproteins were reisolated by ultracentrifugation and analyzed by immunoblotting (Fig. 6) . The data show that, whereas full-length apoA-V associates with both VLDL and HDL, apoA-V(1-146) does not associate with VLDL. Furthermore, whereas nearly all of the full-length apoA-V bound to HDL, only a fraction of apoA-V(1-146) was recovered in association with HDL.
DISCUSSION
Exchangeable apolipoproteins can transfer among lipoproteins in plasma and, in the process, likely exist in a lipid-poor 1-146) . VLDL or HDL (0.1 mg/ml protein), isolated from plasma of apoa5 Ϫ/Ϫ mice were incubated with 0.02 mg/ml full-length apoA-V(1-343) (A) or 0.01 mg/ml apoA-V(1-146) (B) for 1 h at 22°C in Tris-buffered saline. Following incubation, VLDL and HDL were reisolated by density ultracentrifugation and subjected to immunoblot analysis with goat anti-human apoA-V IgG. The results shown are representative of at least three independent experiments. On the left of each panel is a control blot with recombinant apoA-V.
TABLE 2 Trp fluorescence quenching of apoA-V(1-146) variants bound to DMPC
Spectra were recorded on a Jobin Yvon FluoroMax-4 luminescence spectrometer. The average of two emission spectra were recorded from 320 to 355 nm (excitation, 295 nm) in 20 mM sodium phosphate, pH 7.4, 150 mM NaCl (slit width, 2.0 nm for the excitation and emission monochromators) at a protein concentration of 0.5 mg/ml with a DMPC:protein ratio of 5:1. 1-146) state. The helix bundle motif is postulated to facilitate this exchange by promoting apolipoprotein solubility in both polar and nonpolar environments. The size of potential lipid substrate particles is an important factor regulating apolipoprotein transfer in the circulation (25) . ApoA-V is an exchangeable apolipoprotein that in humans, is found on chylomicrons, VLDL, and HDL (11) . Presumably, apoA-V transfers among the different lipoprotein populations, as proposed by Nelbach et al. (21) . The NT domain of apoA-V adopts a helix bundle conformation in the absence of lipid, and this may facilitate exchange between lipoprotein particles. In the present studies, we characterized the ability of this domain to bind to particles of various lipid compositions and sizes, including DMPC vesicles, modified LDL, and HDL and VLDL from apoa5 Ϫ/Ϫ mice, in an effort to gain insight into its intrinsic lipid binding properties.
ApoA-V(
Compared with other well studied exchangeable apolipoproteins, full-length apoA-V is unique in that it is not soluble at neutral pH in a lipid-free state (6) . When bound to lipid, however, apoA-V is soluble at physiological pH. This suggests that during transfer between lipoprotein particles in circulation, apoA-V may exist in a lipid-poor rather than lipid-free state. The ability of apoA-V(1-146) to form discoidal complexes with phospholipid in the size range of nascent HDL particles may be physiologically relevant because apoA-V exchange between lipoprotein particles in circulation may require transient existence in a lipid core-depleted particle.
Upon lipid interaction, it appears that apoA-V(1-146) undergoes a conformational change, as judged by an increase in ␣-helix secondary structure content and altered solvent exposure of reporter Trp residues. The increase in helix content upon lipid interaction is similar to that of other exchangeable apolipoproteins, such as apoA-I (26). The amphipathic helix bundle motif in the lipid-free state adopts a globular conformation wherein the hydrophobic faces of its helices orient toward the center of the bundle (27) . Upon lipid association, the protein is predicted to adopt an open conformation, where the hydrophobic faces of its amphipathic helices interact directly with the lipid surface (27) . Linear infrared dichroism experiments of apoA-V(1-146)⅐DMPC disks are consistent with a model wherein the helices orient perpendicular with respect to the DMPC bilayer fatty acyl chains. This indicates that, in the lipid-bound state, apoA-V(1-146) adopts a belt-like conformation around the perimeter of the particle, as described for other exchangeable apolipoproteins (28 -33) .
The lipid-induced conformational change in apoA-V(1-146) was studied using a panel of single Trp variants. Each single Trp variant reported on a specific region within apoA-V(1-146). Certain Trp residues were predicted to reside in a linker region between amphipathic helices or on the polar face of an amphipathic helix, whereas the others were predicted to reside on the nonpolar face of amphipathic helices. In keeping with these predictions, only variants with Trp predicted to reside on the hydrophobic face of amphipathic helices showed a blue shift in the wavelength of maximum fluorescence emission between alternate lipid-free and lipid-bound states. This suggests that, when presented with a suitable lipid surface, the helix bundle opens, exposing the bundle interior.
To further characterize conformational adaptations in apoA-V(1-146), the relative exposure of various regions within the NT domain were investigated as a function of lipid binding. In Trp fluorescence quenching studies, it was observed that single Trp apoA-V(1-146) variants with their Trp predicted to be on the nonpolar face of amphipathic helices gave rise to the lowest K sv values, suggesting that these regions of the protein maintain close contact with the lipid surface. For example, Trp 97 is predicted to reside in a linker region between two amphipathic helices. Consistent with this, Trp 97 apoA-V(1-146) fluorescence emission was highly quenched by acrylamide but less so by KI. This could be due to electrostatic repulsion of KI by negatively charged residues located near Trp 97 . The ability of apoA-V(1-146) to initiate contact with lipid surfaces is suggested by phospholipid vesicle solubilization studies comparing truncated and full-length apoA-V. The CT domain of apoA-V has been previously shown to avidly bind lipid (7) . Interestingly, despite the absence of the CT domain, apoA-V(1-146) solubilizes DMPC at a faster rate than fulllength apoA-V. This suggests that N-and C-terminal domain interactions in the intact protein modulate the lipid binding properties of apoA-V. This may be similar to interactions in apoA-I. In this apolipoprotein, the CT domain initiates lipidbinding, whereas the NT helix bundle opens up to stabilize the lipid-associated state (34) .
Although DMPC solubilization assays characterize apolipoprotein-induced phospholipid vesicle disruption and reorganization, PL-C-modified LDL provides a means to assess binding to spherical lipoprotein substrates. PL-C activity generates apolipoprotein-binding sites by hydrolyzing phosphatidylcholine moieties present in the surface monolayer (20) . Conversion of phosphatidylcholine into diacylglycerol destabilizes the lipoprotein particle and promotes aggregation (35) . Apolipoproteins protect LDL against PL-C-induced aggregation by forming a stable binding interaction with the modified particles (20) . ApoA-V(1-146) binding to PL-C-treated LDL was intermediate with respect to other apolipoproteins examined. This finding is consistent with the stability properties of these apolipoproteins. At physiological pH apoA-V(1-146) is less stable than apoE3 NT (guanidine HCl denaturation midpoint of 2.0 M versus 2.5 M, respectively) (8, 36) yet is more stable than apoA-I (1 M guanidine HCl denaturation midpoint) (37) . Thus, it appears that the intrinsic stability of helix bundle apolipoproteins in solution correlates directly with the ability to bind newly created sites on a spherical lipoprotein substrate (8) .
The ability of apoA-V(1-146) to associate with physiologically relevant lipoproteins was assessed using VLDL and HDL isolated from apoa5 knock-out mice. Importantly, apoA-V(1-146) failed to associate with VLDL and associated sparingly with HDL. This finding is intriguing in light of the report that, unlike full-length apoA-V, apoA-V(1-146) also fails to associate with intracellular lipid droplets (38) . In considering the sizes of various lipid substrates, VLDL and lipid droplets are considerably larger than HDL or other lipid particles employed in this study. The data indicate that apoA-V(1-146) can associate with smaller lipid substrate particles to a limited degree but apparently lacks the ability to interact with larger lipid particles. One explanation could be related to the tighter packing of phospholipid molecules on the surface of larger particles because of their decreased radius of curvature, as compared with smaller particles (39, 40) . Tighter packing of phospholipid polar head groups enveloping a lipid core could interfere with the ability of apoA-V(1-146) to access hydrophobic surfaces and initiate binding. This aspect is obviated in the case of PL-C-modified LDL but not in the binding experiments with VLDL and HDL. In the latter case, differences in surface lipid composition and/or protein content could also influence binding of apoA-V(1-146). Regardless, it is apparent that, with natural lipoprotein substrates in vitro, apoA-V(1-146) binding is defective. Because this is not due to an intrinsic inability to bind lipid, it suggests that the CT of apoA-V modulates the lipid interaction properties of the NT domain.
Naturally occurring apoA-V truncations, including Q139X (9), Q148X (10), and Q97X (41), have been reported in human subjects and are associated with severe hypertriglyceridemia. The distribution of apoA-V in ultracentrifugally isolated lipoprotein classes was evaluated in several carriers of the Q139X truncation mutation and demonstrated that the truncated form of the protein does not associate with plasma lipoproteins and is found only in the lipid-poor d Ͼ 1.21 g/ml fraction. Because the Q139X apoA-V mutation nomenclature includes the 23-amino acid signal peptide, the mature protein is actually 116 amino acids in length. Although apoA-V(1-146) is longer than these natural mutants, binding studies with natural lipoproteins recapitulate observations in human plasma of individuals carrying these mutant forms of apoA-V.
The present findings provide a potential explanation for the HTG observed in patients with truncated apoA-V. The lack of a CT domain alters lipid binding activity such that truncated apoA-V fails to effectively bind to circulating lipoproteins, particularly TG-rich particles. Current hypotheses suggest apoA-V interactions with heparan-sulfate proteoglycans (42, 43) and/or glycosyl phosphatidylinositol high density lipoprotein-binding protein-1 (44) indirectly enhances lipoprotein lipase activity to facilitate hydrolysis of VLDL-associated TG. The data from Nilsson et al. (45) indicate apoA-V also serves as a ligand for endocytic receptors of the LDL receptor family, where it is possible that apoA-V may have an important role in clearance of VLDL remnants. The putative binding site on apoA-V for lipoprotein lipase activity enhancement and cell surface molecule interactions resides within the CT domain of the protein.
The absence of this binding site most likely contributes to defective hydrolysis and clearance of TG-rich lipoproteins. In any case, association of apoA-V with TG-rich lipoproteins is presumably required for manifestation of these effects. If a CT truncated apoA-V is unable to bind larger, TG-rich lipoproteins, then the resulting apoA-V-deficient particles could potentially have an increased plasma residence time, contributing to HTG. Thus, it may be that defective lipid binding arising from the lack of a CT domain precludes binding to circulating lipoproteins, thereby preventing potential TG lowering effects attributed to full-length apoA-V.
